Background/Aims: To prevent hypocalcemia after parathyroidectomy (PTX), parenteral calcium is required in addition to oral calcitriol and calcium. After switching to oral calcium, patients can be discharged from the hospital. The aim of this study was to analyze the clinical characteristics and outcomes of PTX performed at a single Korean center and to investigate the associated laboratory factors used to analyze the total amount of postoperative calcium required. Methods: We enrolled 91 hemodialysis patients undergoing PTX from November 2003 to December 2011. We collected clinical and laboratory data preoperatively, 12 and 48 hours postoperatively, at discharge, and 3 and 6 months postoperatively. Results: In total, 59 patients underwent PTX with autotransplantation (AT), 6 underwent total PTX without AT, 11 underwent subtotal PTX, and 15 underwent limited PTX. Total PTX without AT showed the lowest recurrence rate. At all postoperative time points, the mean levels of serum calcium, phosphorus, and intact parathyroid hormone (iPTH) decreased significantly, compared with preoperative levels; however, alkaline phosphatase (ALP) increased significantly from 48 hours postoperatively to discharge (p < 0.001). On multiple linear regression analysis, the total amount of injected calcium during hospitalization showed a significant correlation with preoperative ALP (p < 0.001), preoperative iPTH (p = 0.037), and ∆phosphorus at 48 hours (p < 0.001). We developed an equation for estimating the total calcium requirement after PTX. Conclusions: Preoperative ALP, preoperative iPTH, and ∆phosphorus at 48 hours may be significant factors in estimating the postoperative calcium requirement. The formula for postoperative calcium requirement after PTX may help to predict the duration of postoperative hospitalization.
INTRODUCTION
Secondary hyperparathyroidism is one of the most common complications in patients with chronic kidney disease (CKD), including those on maintenance hemodialysis (HD). CKD-mineral bone disorder (MBD) includes (1) tact parathyroid hormone (iPTH), (2) skeletal deformities, and (3) extraskeletal calcification [1, 2] .
The management of CKD-MBD includes normalization of serum phosphorus and serum calcium levels, optimization of the iPTH level, and improvement in skeletal deformities by medical therapy, such as phosphate binders, active vitamin D, and calcimimetics [3] [4] [5] [6] . Despite medical therapy, ~10% to 30% of end-stage renal disease (ESRD) patients who undergo HD for more than 10 years require a parathyroidectomy (PTX) [7, 8] . PTX is an available treatment modality in cases of unresponsiveness to medical therapy. Successful PTX can have a striking effect in reducing serum levels of calcium, phosphate, iPTH, and alkaline phosphatase (ALP). In some cases, postoperative hypocalcemia is severe and prolonged despite normal or even elevated levels of iPTH. The abrupt withdrawal of PTH results in a transient marked increase in bone remineralization and a rapid shift of calcium from the circulation to bone tissue [5, 9] . This phenomenon, called 'hungry bone syndrome,' occurs most often in patients who have developed bone disease preoperatively due to a chronic increase in bone resorption, induced by high levels of PTH [7] [8] [9] .
Hypocalcemia remains a frequently encountered complication, and its prevention represents a clinical challenge because pronounced hypocalcemia is very serious. The maintenance of a stable postoperative serum calcium level is critical in preventing hungry bone syndrome [10] . Prediction of the total postoperative calcium requirement would be of interest to determine the postoperative hospitalization period. A previous study suggested that ALP could be a useful parameter in determining the amount of calcium supplementation required after PTX [11] ; however, there is no previous report for estimating the total postoperative calcium requirement after PTX in patients with secondary hyperparathyroidism.
In the present study, we aimed to analyze the clinical characteristics and outcomes of PTX in a single center and to investigate clinical factors that may be related to the postoperative calcium requirement. We focused on developing an equation that could estimate the total calcium requirement after PTX. Preoperative localization studies were performed in all patients. Patients who had a single adenoma strongly suspected on preoperative localization studies underwent limited PTX, and patients with multi-gland disease or those who had failed preoperative localization underwent total PTX with or without AT or subtotal PTX. A simultaneous thymectomy was not performed in any patient.
METHODS
Indications for the type of PTX were similar to other studies [8] and included the following: (1) high level of parathyroid hormone (iPTH > 500 pg/mL); (2) detection of enlarged parathyroid glands by image diagnosis (the longest length of at least one gland > 1 cm on computed tomography); and (3) uncontrolled hypercalcemia and hyperphosphatemia or multiple severe bone deformities or extraskeletal calcifications when the iPTH level was < 500 pg/mL.
The number of parathyroid glands excised, the longest parathyroid gland length, the heaviest parathyroid gland weight measured, and the histopathological diagnoses of parathyroid tissues were collected. Recurrence of secondary hyperparathyroidism was defined as an iPTH > 300 pg/mL at 6 months postoperatively. Laboratory parameters were evaluated in all patients from medical records preoperatively and at multiple time points
The Korean Journal of Internal Medicine Vol. 30, No. 6, November 2015 postoperatively. Biochemical data, including calcium, ionized calcium, phosphorus, iPTH, ALP, albumin, and hemoglobin, were collected preoperatively and 12 and 48 hours postoperatively, at the time of discharge, and 3 and 6 months postoperatively. Preoperative data were collected at the preoperative assessment 1 to 2 days prior to surgery. iPTH levels were measured using radioimmunoassay kits (Cisbio Bioassay, Codolet, France).
Postoperative calcium supplements in the form of intravenous calcium gluconate, oral calcium carbonate, and oral calcium lactate with 2 µg of oral calcitriol were prescribed, per our standard protocol. In the initial standard protocol, oral calcium carbonate (equivalent to 200 mg elemental calcium per 500 mg tablet) was started at a dose of 1,000 mg three times daily and intravenous calcium gluconate was given daily and titrated based on serum calcium and ionized calcium levels while the infusion was titrated down. Calcium lactate was added if the tablet burden of calcium carbonate was high. The total calcium amount during the hospitalization period after PTX was totaled and converted to mEq.
Statistical analysis
Statistical analyses were performed with the SPSS version 12.0.1 (SPSS Inc., Chicago, IL, USA), and all variables are presented as mean ± SD or median (range). To evaluate changes in biochemical parameters of mineral bone disease after PTX, a paired t test was performed, pairing preoperative and postoperative data. For variables that were not normally distributed, a logarithmic transformation was used to make the calcium injection values to fit a normal distribution. Pearson correlation coefficients and univariate linear regression were used to examine associations between injected calcium and laboratory parameters associated with mineral bone disease. Among significant factors, a multiple linear regression analysis was performed to develop an equation for the predicted total elemental calcium requirement. Values of p < 0.05 were considered to indicate statistical significance.
RESULTS
In total, 91 patients with secondary hyperparathyroidism underwent PTX between 2003 and 2011. In total, 94 PTX were performed due to recurrent hyperparathyroidism. Demographic data of the study population are shown in Table 1 . The mean age was 48.9 years (range, 19.9 to 70), and the mean duration of dialysis was 12.8 years (range, 1 to 27). Most patients were undergoing HD, although 11 patients (12%) were on continuous ambulatory PD. The mean duration of hospitalization was 18.64 ± 13.17 days (range, 2 to 74). In 88 patients, the indication for PTX was uncontrolled secondary hyperparathyroidism despite medical therapy. The most common symptoms associated with secondary hyperparathyroidism included musculoskeletal aches, fatigue, and pruritus. The symptoms did not correlate with biochemical markers. The mean level of preoperative iPTH was 1,647.1 ± 1,803.1 pg/ mL (median, 1,385.5; range, 544.6 to 1,742.4) with an enlarged parathyroid gland. In the other six cases, where PTX was indicated due to uncontrolled hypercalcemia (serum calcium level > 12 mg/dL), the iPTH level was < 500 pg/mL. Two modes of anesthesia were used: GA and LA. In 94 surgeries, 11 cases (12%) were performed under LA due to poor preoperative general condition. Four types of PTX were performed: total PTX with AT, total PTX without AT, subtotal PTX, and limited PTX. There were 59 (63%) total PTX with AT and 6 (6%) total PTX without AT. It was not possible to transplant AT to the patients' forearms because AT was contraindicated according to glandular pathological findings. There were 11 (12%) subtotal PTXs in patients awaiting kidney transplantation or patients with an aluminum pre-exposure history. There were 15 (10%) limited PTX due to a single parathyroid adenoma or an ectopic parathyroid gland.
In 94 operations, the length of the longest excised parathyroid glands was measured in 93 cases, and 58 glands were weighed. The mean length of the longest gland was 2.4 ± 0.8 cm (range, 0.5 to 5.0), and the mean weight of the heaviest gland was 2.7 ± 2.5 g (range, 0.28 to 10). The distribution of the final histopathological diagnoses for the excised parathyroid glands is shown in Fig.  1 ; diffuse hyperplasia (45 cases, 47.87%) and nodular hyperplasia (45 cases, 47.87%) showed the highest incidence in the excised parathyroid glands. Parathyroid adenoma and carcinoma were identified in three cases (3.19%) and one cases (1.1%), respectively.
In this study, there were few complications after PTX. The main postoperative complication associated with PTX was transient hoarseness (5%). There was one patient with persistent hoarseness after 6 months. No postoperative bleeding requiring surgical intervention was noted. One patient died within 3 months after PTX due cardiovascular complications, not postoperative complications. There were 19 cases of recurrence, defined as an iPTH > 300 pg/mL at 6 months after PTX. Consequently, the recurrence rate after PTX in our center was 20.2%. Among these patients, four were able to maintain iPTH levels < 300 pg/mL at the 1-year follow-up.
At each of the five postoperative time points (12 hours postoperatively, 48 hours postoperatively, discharge, 3 months postoperatively, 6 months postoperatively), the mean levels of serum calcium, phosphorus, and iPTH decreased, while ALP levels increased, compared with preoperative levels. Serum calcium, phosphorus, and iPTH showed statistical differences between preoperative and postoperative data at each time point (Fig. 2) . PTH levels decreased significantly within 12 hours after PTX (preoperative iPTH 1,647.08 ± 1,803.15 pg/mL vs. postoperative 12 hours iPTH 299.14 ± 577.99 pg/mL, p = 0.016). Postoperative PTH levels remained in the optimal target range, according to Kidney Disease Outcomes Quality Initiative guidelines (150 to 300 pg/mL) from 12 hours to 6 months after PTX. Analogous to the course of PTH levels, serum calcium and phosphorus levels decreased dramatically within 12 hours after PTX. Mean calcium (9.28 ± 1.18 mg/dL) and phosphorus (4.79 ± 1.52 mg/dL) remained at target levels (serum calcium < 9.5 mg/dL, serum phosphorus < 5.5 mg/dL) within 6 months postoperatively. Serum calcium and phosphorus levels postoperatively were significantly lower compared with preoperative serum calcium and phosphorous levels (Fig. 3) . The duration of postoperative hospitalization correlated significantly with the total amount of calcium supplement (r = 0.775, p < 0.001). A longer length of hospitalization could itself be a cause of increased morbidity and potentially be related to adverse outcomes. Univariate analysis was performed to clarify the correlation between preoperative laboratory parameters and changes in calcium and phosphorus in the postoperative state and log (total calcium injected during hospitalization). Log (total calcium injected during hospitalization) correlated with preoperative ALP, preoperative iPTH, ∆phosphorus at 48 hours, and ∆calcium at 12 hours in univariate analyses (Table 2 ). However, in a multiple linear regression analysis, log (total calcium injected during hospitalization) correlated with preoperative ALP (p < 0.001), preoperative iPTH (p = 0.037), and ∆phosphorus at 48 hours (p < 0.001), but not ∆calcium at 12 hours. Using the variables with significant relationships in the multiple linear regression analysis, the following equation was developed for estimating the total calcium requirement during hospitalization: 
DISCUSSION
PTX remains one of the most important treatment modalities for secondary hyperparathyroidism refractory to medical treatment. This study showed our experience of PTX based on clinical characteristics and outcomes in a single center over 9 years. This study also showed the postoperative total calcium requirement and associated factors for total calcium requirements after PTX. Patients with primary hyperparathyroidism can be discharged immediately after PTX, whereas patients with secondary hyperparathyroidism on dialysis require much more postoperative calcium and a longer hospital stay [12] . Our results suggest a formula for the prediction of postoperative calcium required after PTX during hospitalization using significant variables from a multiple linear regression analysis.
We showed that in patients with poor cardiorespiratory reserve and refractory secondary hyperparathyroidism who were unlikely to be optimized adequately for GA, PTX under LA was an appropriate treatment option. In this study, a total of 11 patients had severe medical conditions such that they could not tolerate GA, and we performed limited PTX under LA. Though one patient died after limited PTX under LA, the cause of death was other medical problems. Recently, Cheong et al. [13] reported a series of total PTX under LA in patients with risk factors for GA. They enrolled 32 consecutive patients with severe cardiorespiratory dysfunction who underwent total PTX under LA over a period of 7 years. The postoperative complications were minimal and all patients reported symptomatic improvement [13] . Taken together, PTX can be performed safely and successfully under LA. Although PTX under LA is relatively safe and effective for high-risk patients, multiple PTX under LA is not yet considered a standard procedure for secondary hyperparathyroidism except in patients with very a high risk for GA. Multiple PTX under LA requires more precautions than cases performed under GA.
There is still much debate over the most efficient surgical technique in terms of avoiding both recurrence and the development of adynamic bone disease. Currently, subtotal PTX with a cervical remnant and total PTX with AT are standard procedures for secondary hyperparathyroidism [14, 15] . In this study, a total PTX with AT in the forearm was the standard technique. In previous studies, the recurrence rate in total PTX with AT was reported as 10.5% (16 of 152 patients) [16] . In a series of 1,053 patients treated with total PTX with AT, the recurrence rate was 8.1% [8] . In contrast, the recurrence rate of total PTX without AT was reported as 4% (55 cases) [17] and 2.3% (43 cases) [18] . In this study, recurrence Calcium total (24 hr) Calcium total (48 hr) Calcium total (7 day) Calcium total during hospitalization (mEq) Figure 3 . Total amount of calcium injected during 24, 48 hours, and 7 days after parathyroidectomy and during the total hospitalization period. In previous studies, subtotal PTX showed a higher recurrence rate (32.1%) than total PTX with AT [19] . In the present study, the recurrence rates of subtotal PTX and limited PTX were 27.2% (3/11cases) and 40% (5/15 cases), respectively. Total PTX without AT showed the lowest recurrence rate, which was similar to previous studies for total PTX without AT and subtotal PTX.
A previous study explained a hypothesis for detectable PTH levels after PTX without AT as follows. During the embryological development of the parathyroid glands, it has been suggested that microscopic islands ("rests") of parathyroid tissue can be deposited anywhere along the descent of the glands from the third and fourth branchial pouches. Hyperplasia of these microscopic rests, attributable to the persistent uremia stimulus created by ongoing ESRD, may occur, resulting in detectable PTH in the long term despite total PTX without AT [20] . A recent study also proposed that total PTX without AT may still be considered the operation of choice in patients with aggressive forms of secondary hyperparathyroidism or of advanced dialysis vintage with no access to renal transplantation because of its low recurrence rate [21, 22] . Theoretically, total PTX without AT may suit aggressive forms of secondary hyperparathyroidism more than a potential renal transplant in view of the increased frequency of very low or undetectable PTH in renal transplant recipients. However, this procedure may place them at greater risk of adynamic bone disease, compared with a dialysis-dependent population who do not undergo PTX. A prospective randomized trial and bone biopsies comparing total PTX without AT with both subtotal and total PTX with AT would clearly help to determine the incidence of adynamic bone disease.
Postoperative hypocalcemia or hungry bone syndrome is a common complication in patients with secondary hyperparathyroidism, but the management of hypocalcemia is not well defined in HD patients. Viaene et al. [23] reported transient hypocalcemia in more than 80% of patients after PTX despite frequent monitoring of the serum calcium level and adjustments of calcium and vitamin D supplements. Prolonged hypocalcemia despite continuous intravenous and oral calcium replacement increases hospitalization duration after PTX. From a clinical standpoint, the length of hospitalization after PTX is significantly correlated with the grade of complications, and medical management and monitoring for postoperative hypocalcemia yield an increase in costs for the healthcare system. Thus, knowledge of the determinants of total calcium requirement after PTX is important for decreasing the length of hospitalization and improving calcium balance. Only a few studies have reported the total calcium requirement after PTX in patients with secondary hyperparathyroidism. Goh et al. [11] reported that ALP could predict calcium requirements after total PTX. They showed a significant correlation between serum ALP levels on admission and the elemental calcium dose at discharge, when corrected for serum calcium variation. In another study, a high preoperative PTH level and a low serum calcium level were identified as independent predictors of high postoperative calcium demands [23] . Cheng et al. [24] showed that a high preoperative ALP was significantly associated with a prolonged hospital stay in patients undergoing PTX for secondary hyperparathyroidism. In the present study, consistent with these reports, we observed a significant correlation with preoperative PTH, ALP, and the change in phosphorus during the first 48 hours postoperatively. We found statistically significant values that influenced the total injected calcium requirements during hospitalization ( Table 2 ). The equation may be helpful for optimizing management strategies to prevent symptomatic hypocalcemia or prolonged hospital stays. Our center has managed postoperative hypocalcemia after PTX by means of implementation of a standardized protocol using specific calcium-oriented targets. Thus, our researchers are planning a further prospective randomized controlled study to reduce postoperative hospitalization duration after PTX by adjusting postoperative target calcium levels through application of this equation.
We acknowledge that our study has several limitations, mainly related to its retrospective nature. In addition, there was a relatively small sample size and short follow-up period. Thus, a larger study to confirm these findings is needed.
In conclusion, we propose PTX under LA as a treatment choice in patients with poor preoperative conditions. The standard surgical technique for PTX in secondary hyperparathyroidism is still controversial; our center decides the type of operation based on whether www.kjim.org http://dx.doi.org/10.3904/kjim.2015.30.6.856 the patient is on the waiting list for kidney transplantation. Finally, preoperative ALP, preoperative iPTH, and ∆phosphorus at 48 hours postoperatively may be significant factors in estimating the duration of hospitalization and calcium requirements. A formula for the postoperative calcium requirement after PTX during hospitalization helps to prevent prolonged hypocalcemia by predicting the appropriate calcium requirement and to reduce the hospitalization period after PTX by adjusting postoperative target calcium levels.
